The possibility of non-volatile particle agglomeration in engine exhaust was experimentally examined in a Euro VI heavy duty engine using a variable cross section agglomeration pipe, insulated and double walled for minimal thermophoresis. The agglomeration pipe was located between the turbocharger and the exhaust treatment devices. Sampling was made across the pipe and along the centre-line of the agglomeration pipe. The performance of the agglomeration pipe was compared with an equivalent insulated straight pipe. The non-volatile total particle number and size distribution were investigated. Particle number measurements were conducted according to the guidelines from the Particle Measurement Programme. The Engine was fuelled with commercially available low sulphur S10 diesel. Experiments conducted in heavy duty engine relevant operating points were done to sweep the effect of (i) Mass flow rate in the exhaust (ii) Temperature in the exhaust and (iii) Engine speed and thus exhaust pressure pulsation frequencies in the exhaust. The test matrix included eleven operating points at steadystate. The results show that, using the agglomeration pipe, neither significant non-volatile particle reduction nor noticeable change in particle size distribution could be proven. In the current study, nucleation of non-volatile particles could not be observed along the straight pipe. Furthermore, it was found that the variable crosssection agglomeration pipe and straight pipe showed similar results in the total particle number and particle size distribution with respect to non-volatile particles.
Introduction
Heavy-duty (HD) engines play a key role in the transportation of goods. These engines are predominantly fuelled by diesel. One major concern in diesel fuelled engines is the particle emissions. So, they are regulated by emission legislations. At present, Euro regulations (Euro VI) restrict Particle emissions both by Particle Mass (PM) and Particle Number (PN). Agglomeration of particles using a variable cross section pipe might be a way to reduce PN emissions. The aim of this work is to evaluate the PN reduction by pure agglomeration using a varying cross section pipe, by ruling out other possible causes of decrease like thermophoresis. The agglomeration effect on PN for various HD operation points were tested using the variable cross-section agglomeration pipe and compared with a straight pipe.
Previous Work
Particle emissions from internal combustion engines (ICE) is seen as a serious problem. One of the main reasons behind this is that particle emissions cause cardiovascular diseases [4] . Due to their size range, particle emissions from the diesel engine exhaust can reach various parts of the respiratory system [5] .
The regulation for particle emissions is handled through emission standards. Since Euro VI, PN was included in addition to the PM in the exhaust emission regulations of HD vehicles. PN in Euro VI regulation is measured based on the recommendations put forward within the Particle Measurement Program (PMP) [6] . Particles emitted from diesel engines are broadly classified into nuclei mode (3-30 nm), accumulation mode (30-500 nm) and coarse mode (>1 µm) particles [7] .
In PMP measurement, the sampled exhaust gas is first diluted with air devoid of suspended particles (primary dilution) then it is passed through an evaporation tube heated between 300°C-400°C. This removes volatile particles in the exhaust sample flow. Then, it is diluted once more (secondary dilution) after which the sample is passed to a condensation particle counter (CPC). The cut-off particle diameter size for the measurement starts from 23 nm [6, 8] . The total count of particles in the exhaust is obtained after accounting for dilution factors and particle losses in the system. Millo et. al [9] investigated the effect of various operational parameters on particle emissions in a turbocharged common rail direct injected diesel engine. Effect of load, exhaust gas recirculation (EGR) and post-injection were studied. At a constant speed, with the brake mean effective pressure (BMEP) 2 to 5 bar, the PN emissions were found to increase (approx. 5-times). On the other hand, it was seen to decrease from BMEP: 5 to 8 bar. Regarding particle size, with the increasing load, there was an increase and then it nearly remained constant. In this study, it was also found that an increase in EGR resulted in PN increase and larger particle sizes. Increased quantities of post-injections caused increased PN emissions in all size ranges. It was also noted that smaller particles were reduced across the DOC (Diesel Oxidation Catalyst) [9] . Increase in fuel injection pressure increases the number of nuclei mode particles and reduces the particle mass emissions. Besides the increase in particle number, NOx also increases with increased fuel pressure [10] .
Formation of a particle core takes place in the engine during combustion and the core particles give rise to the nucleation mode particles, then the propagation of particles depends on the type of exhaust treatment system [11] . The exhaust treatment systems, like Diesel Oxidation Catalyst (DOC) and Selective Catalytic Reduction unit (SCR), reduce the organic fraction in the particles thus reducing the nucleation mode particles in the exhaust in transient cold test cycles [12] . Various exhaust treatment systems exhibit variable efficiency in reducing the solid particle number, but particle filters exhibit the highest reduction in particle emissions although some filters exhibited increased smaller particle emissions [13, 14] . Diesel particle filters (DPF) also have the highest pressure drop across them, and repeated or continuous regenerations are required to prevent from clogging [15] . Urea-injected SCR gives rise to nucleation mode particles at higher exhaust temperatures (above 380°C) [16] . In the context of the ICE they are designed for DPFs are optimized for low fuel consumption and long service intervals. An increased size of the particulates reaching the DPF might allow this optimization to be turned towards larger pore sizes and thus lower pressure drop and ICE fuel consumption [17] .
Agglomeration of particles has been proposed [1, 2] as a method to reduce the number of particles. Agglomeration, coagulation or particle grouping is the growth of particles owing to their contact with each other. High particle concentration favours agglomeration, as the probability of encountering another particle is increased. Also, for a mixture of different size particles, the coagulation rate increases as the smaller particles have high velocities whilst the larger particles are slow and have high surface area for the contact [18] . Agglomeration can be accelerated by flow recirculation or by acoustics using reduced velocity of sound.
Earlier studies [1, 2] have proposed a varying cross-section agglomeration pipe (AP) as a particle number reducer in the exhaust system. Katoshevski, et.al [1] demonstrated particle grouping caused by flow recirculation in a diesel engine exhaust using a varying cross section area pipe. The mass distribution change from smaller particles to larger sizes was observed. Mass distribution was measured from 300 nm. Furthermore, a mathematical model for grouping and nongrouping conditions was developed. The design criteria for a grouping pipe based on the engine exhaust conditions and geometry with varying cross sections were also discussed. In the work by Katoshevski, et al., the grouping of particles demonstrated were in micron size ranges [1] . An extension of the previous study was done on similar pipes to study the particle grouping effect in different engines. The tests were conducted in steady-state, transient, cold start and with the vehicle in chassis dynamometer. The study was done using DISI (Direct Injected Spark Ignition) and light duty CI (Compression Ignition) engines. Particle grouping was demonstrated in nano-particles [2] . In both studies [1, 2] , the effect of agglomeration using the AP were compared with an equivalent straight pipe. Here, the study looked at different emission regulated engines prior to Euro VI. The tests were performed in transients and short sampling steady-state which may have the possibility of thermophoresis. Also, the PN emissions did not exclusively correspond to non-volatile particles as the PN measuring systems used in the tests did not use volatile particle removers to evaporate volatile compounds.
Majal et.al [19] investigated particle grouping in a varying cross section pipe with an oscillating flow field replicating engine exhaust conditions along with the pulse owing to different changes in geometry by 1-D modelling. It was found that a cosine pulse form of geometry variation gives the highest grouping.
Zhang et. al [20] developed a mathematical model for acoustic particle grouping based on the Katoshevski, et.al model for grouping particles using flow circulation. In this model, sound waves were used to agglomerate particles in place of geometric pulse variations along the flow. It was found that reducing the velocity of sound causes particle agglomeration. Use of acoustic metamaterials to reduce the velocity of sound was also proposed. The possibility to use Helmholtz resonators with metamaterials along the flow was investigated.
Objectives
The present work aims to understand the effect of non-volatile PN agglomeration in a Euro VI HD engine exhaust using the AP in a steady state operation. The agglomeration pipe was designed for the exhaust conditions of the engine. The design was made by Katoshevski based on the mean exhaust flow velocity, frequency of pulsating flow in the exhaust, exhaust pipe diameter, temperature and density at the exhaust, as listed in his previous work [1] . The possibility of particle reduction by thermophoresis was minimised by having the pipe walls contain empty spaces with trapped air. PN measurements were taken at the inlet and outlet of the pipe.
The objective is to study the total PN reduction and the change in particle size distribution across the inlet and outlet of an AP. Furthermore, the effect on particle agglomeration is also to be studied along the AP, between the individual wave pipes. The previous studies [1, 2] have reported an increase in total PN due to nucleation along a straight pipe. Hence, the same evaluation on non-volatile particles is to be done on the equivalent straight pipe (SP) for comparison. The current study examines the evolution of non-volatile particles with respect to total PN and particle size distribution in an AP and SP owing to the (i) effect of exhaust mass flow rates (ii) effect of exhaust temperatures and (iii) effect of engine speed.
Experimental Setup
The experiments were done on a 6-cylinder HD diesel engine regulated for Euro VI emissions. The specifications of the engine are shown in Table 1 . The engine turbocharger had a constant geometry turbine. The after-treatment systems were DOC, DPF and SCR unit. The experimental agglomeration pipe or a straight pipe was tested by locating it in between the turbocharger and the exhaust treatment system. The overall schematic of the test setup is as shown in Figure 1 . An electrical dynamometer was used to load the engine. The engine was run on commercially available Swedish low sulphur S10 diesel. 
Agglomeration pipe
A variable cross-section particle agglomeration pipe (AP) was designed for the exhaust conditions of the engine using mean exhaust flow velocity, frequency of pulsating flow in the exhaust, exhaust pipe diameter, temperature and density at the exhaust as listed earlier [1] . The cross section of the AP is shown in Figure 2 . The minimum pipe diameter in the agglomeration pipe was fixed as the nominal diameter in the exhaust piping so that there was no pressure drop contributed by the pipe owing to any flow constrictions. A single module in the AP is called a wave pipe. This pipe had five wave pipes. The walls had empty spaces with trapped air and were also insulated by mineral wool of 45 mm thickness to prevent the wall being colder than the exhaust flow. This was done to reduce thermophoresis of particles occurring on the pipe wall. A straight pipe (SP) with the minimum diameter in the AP was used as a reference case to compare the performance of the AP. The SP was also insulated by mineral wool of the same thickness as used in the AP.
Stationary measurement sampling
Particulate measurements were taken at the inlet and outlet of the agglomeration pipe using a multihole Stationary Measuring Probe (SMP). The inlet and outlet lines were connected into a single line for measurement with switching valves between them. Temperature resistant ball valves were used for this purpose so that the flow was not disturbed. The length of the measuring tube (stainless steel) from the sampling point to high-pressure reducer (HPR) was 1.5 m. HPR was used to reduce the high exhaust 10/19/2016 backpressures, as the sampling was done as a raw gas exhaust measurement upstream to the DPF. A 0.75 m conductive silicon hose was used to connect the output from the HPR to the instrument's sample in. The residence time from the point of measurement to the primary dilution was within the limits of PMP [21] . The sampling conditions and length of the transfer line were kept the same at inlet (A) and outlet (B), and the points of measurement are shown in Figure 1 .
Adjustable probe sampling
The probe experiments used an elbow type Adjustable Measuring Probe (AMP). The probe was made long so that the tip could reach the inlet of the AP from the outlet side as shown in Figure 1 . The AMP was designed such that the deflection of the tip is minimal at the engine exhaust conditions. The probe was held by a fixture mounted on a 2-axis motorized linear stage controlled by a computer program for positions. The length of the sampling line was kept the same as with the SMP, both with the stainless-steel tube and the conductive silicon hose.
Experiments with the AMP investigated the evolution of particles along the flow direction. This was done at a single operating point in both AP and SP cases. This operating point (OP2) was chosen as it was close to the intersecting point of the constant temperature and constant mass flowrate line in the experiments done with the stationary measuring probe (SMP). The measurements were taken along the centre axis of the pipe, at locations of minimum diameter as the cross-section area was the same in those locations. This was to ensure that the pressure conditions at the sampling locations were the same. The sampling positions in the AP were numbered in the order (1-6) at which the measurement was done as shown in Figure 1 . Similar measurements were taken using the SP for comparison. Hence, the same order of numbering was followed in both AP and SP cases.
Particle Measurement system
The total PN (Particle Number) emissions were measured using the APC (AVL Particle Counter: APC 489). APC is a PMP compliant PN measurement instrument as previously described consisting of a Condensation Particle counter, 2-stage dilution system and the evaporation tube. The instrument is capable of measuring exhaust particles from 23 nm in size. The reproducibility of the APC was ±15% [22] . The particle number distribution was measured using an EEPS (Engine Exhaust Particle Sizer Spectrometer: TSI 3090). EEPS is an electrical mobility particle sizer spectrometer capable of measuring particle size distribution in the range 5.6 nm to 560 nm. The reproducibility of the EEPS was ±10% [23] . The excess output from the secondary dilution stage of the particle counter was used as the conditioned sample input for the EEPS instrument. The schematic of the particle measurement system is shown in the schematic of the experimental setup in Figure 1 .
The measurements were taken after setting the engine operating points (OP) for sampling trials. Each sampling trial was at least 120 seconds at 5 Hz measurement and data logging frequency using the APC. In the case of the particle size distribution measurement, each trial was 120 seconds at 10 Hz measurement and data logging frequency using the EEPS.
Design of Experiments
The experiments were done at steady state with engine out conditions representative for a Euro VI HD engine. The wastegate of the turbocharger was closed throughout the experiments and the exhaust brake was not used. The experiments were planned such that the parameters in the model of particle agglomeration [1] are tested separately. The exhaust conditions corresponding to the parameters were mapped as exhaust mass flow rate, temperature and engine speed. Engine Operating Points (OP) are as shown in Table 2 . The operating points in the engine operating range are shown in Figure 3 . The experiments with constant exhaust temperatures (Texh) were done by varying engine speed from 1000 rpm to 2200 rpm in steps of 300 rpm. The speed was first set, and the torque was increased by increasing the fuel quantity so that the exhaust temperature was 10/19/2016 maintained at 300°C. The temperature was chosen in such a way that the maximum region in the performance chart was covered as on the higher speed. On the higher speed side, it was limited by the heat in the exhaust as it was heating the test cell to higher temperatures beyond ventilation. The experiment was done from lower speed to higher speed as the heat capacity of the flow increases from lower speed to higher speed owing to the mass flow increase.
The experiments at constant exhaust mass flow rate (ṁexh) were done by varying the speeds from 1100 rpm to1600 rpm in steps of 100 rpm. The flow rate was chosen in such a way that the maximum region in the performance chart was covered. On the lower speed side, the boundaries were set by the heat in the exhaust, as it was heating the test cell. The flow rate of the exhaust was calculated as the sum of mass flow rate of air and diesel (ṁair + ṁdiesel). At constant speeds, the torque was increased by raising the fuel quantity so that the exhaust flow rate was maintained at 250 g/s. In this case, the experiments were conducted from higher speed to lower speed as temperature in the exhaust increases with decrease in speed ( Table 2 ).
All operating points were set at steady state with constant temperatures at the inlet and outlet of the AP. The same experiments were also done for the constant cross-section SP as a baseline case. At each engine operating point, three sampling periods (trials) were performed to ensure repeatability, labelled as Trial 1, 2 and 3 in the figures to follow.
Results

Experiments using stationary measuring probe (SMP)
In these experiments, PN measurements were taken between inlet (A) and outlet (B) as shown in Figure 1 . The change in total PN between inlet and outlet with respect to inlet (in %) was calculated as shown in Equation 1 .
Effect of exhaust flow rate on particles
As shown in Table 2 , along the constant exhaust temperature (OP1-5), the exhaust mass flow rate increases with the increase in engine speed. These operating conditions were designed to test the effect of mass flow rate on particle agglomeration. From Figure 4 , the change in PN with respect to the inlet PN in the AP case is within ±10%. A similar behaviour is also observed with the SP. A comparison between the AP and SP cases shows that both have similar magnitudes of variation. The instrument repeatability (±15%) limits is visualized in black dotted lines to enhance understanding understand it better. There was no noticeable reduction of total PN observed throughout the operating points (OP1-5) with different mass flow rates along the constant exhaust temperature conditions.
A further analysis into the number distribution was done to investigate the variation in the nuclei and accumulation mode particles with the AP. Figure 5 shows the comparison in the particle number size distributions between the outlet and inlet of AP and SP at OP5 (2200 rpm) for better understanding. OP5 was chosen because it has both nuclei and accumulation mode present. 
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From Figure 5 it can be observed that the AP and the SP show slight variations in the number of nuclei mode particles, and that the variations observed were within ±10% (the instrument repeatability shown by error bars). Similar behaviour was observed in other constant temperature OP. Since, particle number distribution does not give much information about larger particles, the particle volume distribution was calculated from the particle number distribution measurements, assuming spherical particles (Equation 2) [7] .
(2) Figure 6 shows the comparison of the particle volume distribution between the outlet and inlet in AP and SP cases at the same operating point (OP 5) as the particle number distribution in Figure 5 . Figure 6 . Particle Volume Distribution at 2200 rpm at exhaust temperature 300°C.
From Figure 6 , it can be observed that the variations between inlet and outlet with the larger particles are less than ±10%, the instrument repeatability shown by error bars. Also, the results show no increase in accumulation mode particles. Thus, no significant nuclei particles grouping to form accumulation particles was observed. Similar behaviour was observed in other constant temperature operating points (OP1-5).
Effect of exhaust temperature on particles
From Table 2 , along the constant mass flow rate operating points, the exhaust temperature increases with the decrease in engine speed. Hence these operating conditions test the effect of exhaust temperature on particle agglomeration. Figure 7 shows that all points are within ±15% in both directions. This shows that exhaust temperature conditions have neither significant effect on agglomeration nor on reduction of PN, similar to the findings for the operating points with different mass flows. Both SP and AP was found to have the same magnitude of variations. AP was not found to contribute to any reduction in particle number throughout all operating points along the constant exhaust mass flow rate.
Further analysis into the number distribution was done to investigate the variation in the nuclei and accumulation mode particles. Figure 8 shows the comparison in the particle number size distributions between the outlet and inlet of AP and SP at OP7 (1200 rpm) for better understanding. OP 7 was chosen as this point has both nuclei and accumulation mode present among the constant mass flow rate operating points. Also, this point had a higher exhaust temperature (350°C) than OP1-5 (300°C). Figure 8 indicates that both AP and SP show no significant reduction of nuclei mode particles between the inlet and outlet as the changes were within ±10% for the corresponding cases. Similar behaviour was observed in other constant mass flow rate operating points (OP 6-11). It is also to be noted that there were differences at smaller particle sizes between cases. However, this difference was not between the outlet and inlet in a single case and was due to the variations in the engine out emissions, as the experiments were done on two consecutive days.
To investigate the effect on larger particles, the particle volume distribution was calculated from the particle number distribution, using Equation 2. Figure 9 shows the comparison of the particle volume distribution between the outlet and inlet in AP and SP cases at the same operating point as the particle number distribution in Figure 8 . As seen in the number distribution for smaller particles in Figure 8 , the differences in larger particles between cases were also due to the engine variations. The investigation on the differences between inlet and outlet within cases shows that the variation of larger particles were less than ±10%. Hence the performed experiments do not capture any grouping of nuclei mode particles to form larger particles. Similar behaviour was observed in other constant mass flow rate operating points (OP 6-11).
Effect of engine speed on particles
Figures 4-6 for the experiments with different mass flow rates at constant exhaust temperature, and Figures 7-9 for the experiments with different exhaust temperatures at constant mass flow rates, show that the magnitude of variations of the change in PN (in %) and particle size distributions across engine speeds were within the instruments repeatability for both AP and SP. This was the case with both total PN and size distributions.
Experiments using Adjustable Measuring Probe (AMP)
This experiment was done to investigate the evolution of particles along the AP and SP. As mentioned earlier in the experiments section, the sampling locations were numbered in the order of measurements. Location of position 1 is at the outlet and 6 is at the inlet, on the side of the turbocharger and engine as shown in Figure 1 . The operating point OP2 (1300 rpm, 300°C). Sampling was done for three measurement trials with the same measurement and data logging frequency for the instruments, as used in the SMP experiments (APC and EEPS). The variations seen along the positions in the AP were within ±15% (shown by error bars). Hence, there was no confirmed reduction in total PN along the AP or across the individual wave pipes.
The same measurement was repeated with the SP. Figure 11 shows the total PN along the measuring positions in the SP. Figure 11 . PN along the measuring positions in the SP.
The variations seen along the positions in the SP were within ±15% (shown by error bars). Thus, there was no significant increase in total non-volatile PN seen through the SP.
The number distribution was also measured along the sampling locations. Figure 12 shows the number distribution along the positions in the AP. Variations in the magnitude of the accumulation mode peak were random with respect to the positions in the AP. Also, these variations were within ±10% (shown with error bars). Thus, no significant nuclei particles grouping to form larger particles were observed along the AP or between individual wave pipe lengths in the AP.
For comparison, the experiment was also done in the SP with the same measurement locations. Figure 13 . shows the number distribution along the positions in the SP. In this case of SP the variations with respect to the positions were also within ±10%, like in the AP case. Thus, it was observed that there was no increase in nuclei or accumulation mode particles along the SP.
From Figure 12 and Figure 13 , it can be seen that in the accumulation mode there were variations; this was random and does not seem to have a trend along the direction of flow both in the AP and in the SP cases. Furthermore, the observed variations were within the limits of instrument repeatability.
From studying the nucleation mode peak in Figure 12 and Figure 13 , a minor but seemingly steady increase in number of nucleation mode particles was observed both in the AP and SP case. This was further analysed across the trials. The measurements with positions (1) and (6) in three trials are shown in Figure 14 and Figure 15 for the AP and SP cases respectively. From Figure 14 and Figure 15 it can be noted that there was an apparent reduction in accumulation mode using both AP and SP, but it was within the instrument's repeatability. On the other hand, there was a noticeable increase in the nuclei mode particles along the measurement trials in the same positions. Furthermore, the nuclei mode was formed from trial 1 to trial 3 at the inlet position (6), near the turbocharger. As explained earlier, the positions were numbered in measuring order. It could be observed that at position 6 (e.g. Pos6_trial1) the number of nuclei particles nearly coincides with the subsequent trial in position 1 (e.g. Pos1_trial2).
Discussion
The experiments using the stationary measuring probe (SMP) show that the agglomeration pipe (AP) and the straight pipe (SP) exhibited similar variations between the corresponding inlet and outlet cases. This study used PN measurement systems with an evaporation tube as a volatile particle remover and were PMP compliant. Hence, across the AP, non-volatile particle grouping resulting in particle number reduction was not observed. Therefore, reduction in PN could not be confirmed. A possible reason for the total PN reduction observed in previous studies [1, 2] with varying cross-section agglomeration pipes could be that agglomeration might have happened mostly among the volatile particles. This could be due to the total PN and size distribution measurement systems used in those studies. In previous studies, the PN measurement systems were not using a system to remove volatile particles.
The reduction in PN was not very pronounced in the total PN measurements. The possibility of nuclei mode particles grouping to form more accumulation mode particles [1, 2] was ruled out by the observations from the number and volume distributions. As explained earlier, this might also be due to the PN measurement systems used, as only non-volatile particles were measured. The excess flow out of the secondary dilution is used as the sample for the EEPS measurement. No conceivable non-volatile nuclei particles grouping to form accumulation particles was observed. Hence grouping of nonvolatile particles could not be proved.
The unvarying behaviour of particles regarding total PN and size distributions between inlet and outlet for OP5 was also observed in OP1-4. This experiment could not confirm any effect of exhaust mass flow rate on agglomeration when only regarding non-volatile particles. Likewise, the unchanging behaviour was exhibited in the other operating points (OP6-11). Thus, particle agglomeration effect could not be confirmed for different exhaust temperatures. In the same way, across all operating points, the speed increased both in constant temperature (OP1-5) and constant mass flow rate (OP6-11). Therefore, the effect of engine speed on non-volatile PN reduction or particle size distribution shift using the AP could also not be confirmed.
Previous research [2] has reported an increase in particle number across a straight pipe. This study could not confirm the increase in particle number. Moreover, the increase in nucleation particles across the SP could also not be confirmed from the number distributions reported in literature [2] . A plausible explanation addressing the deviation from the present study is that the particles formed by nucleation were of a volatile nature [3] . An increase in non-volatile particles along a straight pipe could not be confirmed.
The experiments with the adjustable measuring probe (AMP) were done to analyse (i) the possibility of non-volatile PN reduction trend along the AP or between the individual wave pipes, and (ii) a trend in non-volatile PN increase along the SP due to nucleation. A changeless behaviour of non-volatile particles regarding the total particle number, number of nuclei mode particles and accumulation mode particles was observed along both the AP and SP cases. Consequently, neither the agglomeration along the AP and between the individual wave pipes, nor the nucleation along the SP could be confirmed.
In the measurements using the AMP, a consistent increase in nonvolatile nuclei mode particles was observed with time for the subsequent sampling trials at same positions of measurement. This could be attributed to the increasing concentration of particles in the engine out emissions prior to the AP and SP with respect to time. This is a plausible explanation as this was observed in both the AP and SP cases.
Summary/Conclusions
An agglomeration pipe was designed, tested and compared with an equivalent straight pipe in an engine exhaust with different exhaust conditions. The performance of AP and SP was examined by Euro VI emission measurement technique standards. The following are the conclusions.
• No change in non-volatile PN could be confirmed over the AP.
•
No reduction in nuclei mode particles or increase in accumulation mode particles could be confirmed over the AP, nor over the SP. i.e. no grouping of non-volatile particles could be confirmed in any investigated case.
No reduction in non-volatile total PN and no observable particle grouping in the centre-line along the direction of flow in the AP could be confirmed. Nor could any effect be confirmed between individual wave pipe lengths in the AP.
No increase in non-volatile total PN and no observable nucleation in the centre-line along the direction of flow in the SP could be confirmed.
• The effect of engine speed on non-volatile PN reduction or shift in particle size distribution in the AP could not be confirmed.
The SP case in comparison with the AP case shows that the AP behaves like the SP with regards to non-volatile PN reduction.
The grouping phenomenon observed in previous literatures [1, 2] with the AP might be due to three possibilities. Firstly, the dominant size range of particles emitted are larger than 50nm, as this is required for significant grouping [2] . Secondly, grouping particles might have been mostly volatile particles, not measured in this study. The third possibility is that the grouping might have been influenced by the increase in a colder surface area of the AP. This was minimised in this study by using a double walled and insulated AP. Further investigation is needed to confirm the dominant reason.
